Abstract. In clear cell carcinoma of the ovary, chemoresistance frequently results in treatment failure. The present study aimed to review the potential association of transcription factor hepatocyte nuclear factor (HNF)-1β with cell cycle checkpoint machinery, as a mechanism for chemoresistance.
Introduction
Endometriosis is a common disease, which is associated with severe symptoms, including pelvic pain and infertility, and affects up to 10% of women of reproductive age (1, 2) . Endometriosis also possesses a malignant transformation potential to ovarian carcinoma. Recently, several studies have indicated that heme and iron, present in endometriotic cysts, damage the endometriotic cells by inducing inflammation and oxidative stress (3) (4) (5) (6) (7) . Simultaneously, several genes associated with acute antioxidant response, DNA damage repair and cell cycle modulation are activated. An increased understanding of the molecular biology involved in endometriosis-associated ovarian carcinogenesis may facilitate the identification of novel therapeutic targets.
The transcription factor hepatocyte nuclear factor (HNF)-1β is overexpressed in endometriosis and clear cell carcinoma of the ovary. HNF-1β may alleviate damage and promote the survival of cells experiencing stress, by upregulating antioxidant protein expression (8) and stimulating cell cycle checkpoint machinery (9) . However, functional or clinical significance of this transcription factor is unclear. The present review aimed to summarize the potential association between HNF-1β and cell cycle checkpoint machinery.
The present review also outlines future directions for study, with respect to targeted therapy for ovarian clear cell carcinoma.
Materials and methods
A computerized literature search was conducted to identify relevant studies reported in the English language. MEDLINE electronic databases (http://www.ncbi.nlm.nih.gov/sites/entrez) published between 2000 and 2014 were searched, combining the keywords 'ovarian clear cell carcinoma', 'carcinogenesis, 'HNF-1β' and 'DNA damage repair'. A variety of combinations
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of these terms were used, depending on which database was searched. Each gene was also linked to the relevant NCBI Entrez Gene pages (http://www.ncbi.nlm.nih.gov/sites/entrez). Furthermore, the references in each article were searched to identify potentially excluded studies.
Iron-induced DNA damage in endometriosis and endometriosis-associated ovarian cancer
Endometriosis is associated with hemorrhage or hemolysis. Repeated episodes of hemorrhage are a major cause of reproductive disability amongst patients with peritoneal endometriosis and endometriotic cysts (10) . Erythrocytes existing outside the vascular system rapidly lyse and release free hemoglobin, and the blood scavenging system is required for effective hemoglobin clearance (11) . Hemoglobin slowly undergoes spontaneous oxidation, also known as autoxidation (3), and is oxidized easily from the ferrous (Fe (4):
Heme is also catabolized by heme oxygenases into iron, biliverdin and carbon monoxide. Free ferrous iron, in its catalytically active form, induces oxidative stress, if not chelated. This is due to the fact that Fe 2+ catalyzes the non-enzymatic Fenton reaction (12) , which produces highly reactive hydroxyl radicals as follows:
2+ is involved in the formation of reactive oxygen species (ROS) and reactive nitrogen species (RNS), which are damaging to the majority of cell components, including DNA, membranes and proteins, and induce cell death. The hydroxyl radical (•OH) and superoxide anion (O 2 -) are toxic to living organisms. 8-hydroxy-2'-deoxyguanosine (8-OxodG) is a major form of oxidative DNA, generated following exposure to free radicals, and is released from cells following DNA repair (13) . A study indicated that the levels of 8-OxodG in peritoneal fluid were higher in women with endometriosis compared with those of the control groups (5). The repeated hemorrhage within the endometriotic lesions, hemoglobin breakdown and subsequent heme and iron accumulation mediate secondary tissue injury and result in cell death (14) . Therefore, dead cells are unable to induce ovarian carcinogenesis.
Paradoxically, it is generally accepted that persistent oxidative stress may be involved in chronic inflammation, which in turn, may mediate chronic diseases including cancer (6) . Several studies reported that continued oxidative stress leads not only to increased cell survival, but also increased tumorigenic potential of cancer cells (6, 7) . Oxidative stress contributes to the expansion of genomic instability throughout the genome, and subsequent gene mutations involved in the initiation of tumorigenesis (15) . In an oxidative stress situation, iron overload-associated diseases, including hemochromatosis, chronic viral hepatitis, asbestosis and endometriosis, may result in the development of neoplasia, including hepatocellular carcinoma, malignant mesothelioma and ovarian cancer (16) . Such microenvironments share common mechanistic foundations or provide a biological interface between cell death and carcinogenesis induced by persistent oxidative stress.
Antioxidants are key regulators in the maintenance of cellular redox balance and inhibition of the susceptibility to tumorigenesis. Animal experiments revealed that loss of ROS-scavenging enzymes, for example peroxiredoxin, was associated with an increase in cancer susceptibility (17) . By contrast, the overexpression of antioxidants, including NAD(P)H: quinone oxidoreductase 1 (NQO1), has been correlated with numerous human malignancies, suggesting a role in carcinogenesis (18) . The endometriosis-specific transcription factor, HNF-1β, functions to alleviate endometriotic cell damage and also promotes survival of cells under oxidative stress by upregulating antioxidant protein expression (8) . It was hypothesized that this increase in antioxidants may reduce the susceptibility of endometriotic cells to lethal injury from ROS, following exposure to heme and iron. Therefore, overexpression of antioxidant enzymes may, in part, be responsible for the increased risk of cancer amongst women with endometriosis. Excess ROS induce significant oxidative stress, resulting in cell death, whereas sublethal ROS levels may adapt to prolong cell survival and increase the tumorigenic potential of endometriotic cells. Each endometriotic lesion may display differences with regards to the level of responsiveness to ROS. Carcinogenesis requires a delicate balance between oxidants and antioxidants.
Molecular changes implicated in clear cell carcinoma
Endometriosis was suggested to confer an elevated risk of epithelial ovarian cancer, particularly the clear cell and endometrioid adenocarcinoma subtypes, also known as endometriosis-associated ovarian cancer (EAOC) (1,2). Clear cell carcinoma and endometrioid adenocarcinoma exhibit distinct clinicopathological features and molecular phenotypes (19, 20) . Yamada et al (21) hypothesized that heme and iron-induced signals contribute to carcinogenesis via three major mechanisms: i) By enhancing oxidative stress, which promotes DNA mutagenesis and contributes to tumor initiation; ii) via activation of detoxification pathways, thereby contributing to tumor promotion; iii) by sustaining growth of cancer cells via estrogen-dependent (endometrioid) or -independent (clear cell) mechanisms. These studies provide novel insights into the pathophysiology and significance of genetic functional categories in EAOC. Several molecular changes that have been implicated in the clear cell carcinoma pathway include: i) Chemoresistance (22) (23) (24) (25) (26) ; ii) cell cycle regulation; iii) detoxification; iv) hormone independency; v) chromosomal instability; and vi) glycogen synthesis (24) .
Clear cell carcinoma is more likely to exhibit chemoresistance than high-grade serous carcinoma, demonstrating that clear cell histology is highly resistant to conventional platinum-based chemotherapy (23) . Potential doubling time for clear cell carcinoma cells was longer than that of serous adenocarcinoma cells (61 vs. 30 h), suggesting that the intrinsic chemoresistance may be associated with prolonged doubling time (22) . Decreased proliferation rates of cancer cells promotes resistance to a number of chemotherapeutics; a behavior observed in clear cell carcinoma. This chemoresistance may also be associated with an increase in cell cycle arrest during the DNA damage response, or enhanced drug detoxification within the cell (27) . The cell cycle remains arrested to repair DNA damage induced by heme and iron-induced oxidative stress (see the 'Role of transcription factor HNF-1β' section for details). Genetic and epigenetic dysregulation of chemoresistance-associated genes may induce cell cycle arrest and suppress cell proliferation.
The pathogenesis of endometriosis-associated ovarian carcinogenesis may be closely associated with heme and iron overload and the associated overexpression of antioxidants (27) . Redox-sensitive antioxidant genes may be associated with the downstream targets of HNF-1β (27, 28) . HNF-1β mainly remains epigenetically hypomethylated and enhances ROS detoxification, resulting in typically low ROS levels in clear cell carcinoma (8, 29) . Therefore, it is conceivable that excess ROS induces cell death, while sublethal doses of oxidative stress may accelerate the development and progression of clear cell carcinogenesis.
Clear cell and endometrioid carcinoma are genetically distinct cancers, and whilst clear cell carcinoma presents rare expression of the estrogen receptor (ER) and progesterone receptor (PR), the ER and PR are often overexpressed in endometrioid carcinoma. Endometrioid adenocarcinomas are more likely to co-express ER and PR compared with the other histological subtypes (30) . By contrast, clear cell carcinomas are characterized by their negative expression of hormone receptors (30) .
The most conspicuous feature of clear cell carcinoma is the abundance of intracellular glycogen (31) . The HNF-1β signature is associated with glycogen metabolism, including that of glucose-6-phosphatase (32) . Hypoxia induces a switch from oxidative phosphorylation to glycolysis, increasing glycogen synthesis (31) . Hypoxia inducible factor (HIF)-1α overexpression in clear cell carcinoma resulted in an increase in the production of glycogen synthase 1 (GYS1), indicating that a hypoxic environment promoted glycogen synthesis. Taken together, these results indicated that HNF-1β overexpression in clear cell carcinoma has a role in glycogen synthesis, cell cycle regulation and detoxification.
DNA damage response in clear cell carcinoma
The genome is constantly damaged by endogenous compounds, for example ROS resulting from metabolic processes, or exogenous compounds, including ionizing radiation, ultraviolet and environmental toxins. Oxidative stress, chronic injury and inflammation promote DNA damage and chromosomal aberrations, which are processed by series of pathways known as the 'DNA damage response (DDR)'. The DDR pathways regulate cell fate decisions regarding DNA repair, cell cycle arrest and ultimately cell death, senescence or survival. The DDR represents a complex network of signaling pathways, which halt the cell cycle to allow time for DNA repair. DDR pathways coordinate multiple repair processes, including nucleotide excision repair (NER), base excision repair (BER), mismatch repair (MMR), DNA double strand break (DSB) repair and post replication repair (PRR), facilitating the maintenance of genomic integrity following exposure to various stressors (33) .
Individual DNA base damage and DNA intrastrand crosslinks are removed by the processes of BER and NER, respectively. The BER process constitutes the primary defense mechanism exerted by DNA glycosylase enzymes, 8-oxoguanine DNA glycosylase (OGG1) and X-ray repair complementing defective repair in Chinese hamster cells 1. The NER pathway repairs DNA damage induced by UV light and oxidative stress (34) . Furthermore, cellular sensing machinery for DNA damage includes: i) Poly(ADP-ribose) polymerase 1; ii) members of the phosphatidylinositol 3-kinase protein family known as ataxia-telangiectasia mutated (ATM), ataxia-telangiectasia and Rad3-related (ATR); iii) checkpoint kinases 1 and 2 (Chk1 and Chk2); iv) the dual-specificity protein phosphatases CDC25A-C; and v) cyclin-dependent kinases (CDK2/4) (35). Generally, single-strand DNA initiates ATR-Chk1 pathway activation, whereas DSBs promote ATM-Chk2 activation. DSBs are repaired by non-homologous end joining or by homologous recombination. Chk1, an important signal transducer in the cell cycle checkpoint pathway, represents a core component, which contributes to all cell cycle checkpoints (36) .
Recent studies have demonstrated the chemoresistance mechanism in clear cell carcinoma (37) . Among ovarian cancer, excision repair cross-complementation group 1 (ERCC1) and ERCC3 are specifically overexpressed in clear cell carcinoma (38) . The AT rich interactive domain 1A, SWI-like (ARID1A) is a chromatin remodeling gene frequently mutated in a variety of female reproductive organ-derived cancers, including clear cell carcinoma (39) . Thus, the cell cycle checkpoint machinery has become a focus of research in the field of anticancer drug resistance. Genome-wide and proteome-based approaches provide crucial information regarding the target molecules that modulate the cell cycle checkpoint pathways. The HNF-1β gene is one of the key molecules associated with the ATR-Chk1 pathway.
Role of transcription factor HNF-1β
Hypomethylation and increased protein levels of HNF-1β are specific features of endometriosis and its malignant transformation into clear cell carcinoma of the ovary. The DNA repair capacity of a cell contributes to its genomic integrity and is vital to the normal functioning of an organism. A recent study reported that a molecular link between ATR and Chk1 was significant in the cell cycle regulatory pathway in clear cell carcinoma (9) . Transient phosphorylation of Chk1 is critical for successful recovery of the cell cycle following stalled DNA replication (9) . This section summarizes recent progress in the elucidation of transcription factor HNF-1β-mediated regulation of DNA damage-induced cell cycle arrest.
As shown in Fig. 1 , HNF-1β is critical to the anti-oxidative effects observed in endometriosis and clear cell carcinoma (27) . Furthermore, this transcription factor inhibits apoptosis of cancer cells. However, the precise mechanism of HNF-1β action is yet to be fully elucidated. Shigetomi et al (9) confirmed that HNF-1β induced G2/M phase arrest and anti-apoptosis in clear cell carcinoma cells via an enhancement of the oxidative DNA damage-induced ATR-Chk1-associated pathway. Blockade of this event by HNF-1β short interfering (si)RNA induced apoptosis and an impaired G2/M checkpoint following exposure to oxidative stress (9, 40) . Notably, HNF-1β performs a critical role in DDR by controlling cell cycle regulation via activation of the ATR-Chk1 pathway. These results provide novel insights into the critical roles of HNF-1β in the regulation of oxidative stress-induced G2/M cell cycle arrest and anti-apoptosis in clear cell carcinoma cells.
On one hand, cell cycle arrest provides pre-malignant endometriotic cells with the opportunity to persistently repair DNA following oxidative damage. However, on the other hand, HNF-1β induces an increase in G2/M accumulation and decrease in the mitotic entry of DNA-damaged cells and apoptosis. These cells fail to maintain genomic integrity and may enhance malignant potential. Several reports have indicated that elevated levels of HNF-1β are associated with chemoresistance, which may be suppressed by HNF-1β siRNA expression (9, 40) . Targeting Chk1 also blocks HNF-1β-induced Chk1 phosphorylation and markedly increases lethality in vitro. These data led to the hypothesis that combining checkpoint inhibitors with DNA damaging agents may force cancer cells into premature and lethal mitosis, via an accumulation of genomic instability by overriding checkpoints. The role of HNF-1β in DDR through the ATR-Chk1 pathway, and potential combinatorial treatment strategies will be discussed with a mechanistic rationale.
Chk1 inhibitors as molecular targeted therapeutics
The potential implications of the aforementioned factors in therapeutic intervention were subsequently evaluated. Integration of gene expression profiling and proteomics analysis to identify genomic alterations and aberrant molecular pathways in a clinical setting is necessary to facilitate personalized targeted therapy. If predictive biomarkers are identified, the use of targeted agents may improve prognosis.
DNA damage activates DDR and the DNA repair pathway, including Chk1. Chk1 is a serine-threonine checkpoint kinase central to the DDR network, which represents one of the most important targets for anti-cancer therapeutics. In preclinical studies, Chk1 inhibition enhanced the cytotoxicity of several chemotherapeutic agents (9) . UCN-01 (7-hydroxystaurosporine), the first non-selective Chk1 inhibitor introduced in a clinical study, combined with irinotecan demonstrated activity in patients with advanced triple-negative breast cancer (41) . In the phase II clinical study, however, this regimen induced limited activity in triple-negative breast cancer (41) . Although Chk1 inhibitors, for example AZD7762 and PF-477736, also failed to induce anti-cancer effects as significant as those exerted by single agents, they have the potential, as chemosensitizers, to sensitize cancer cells to a variety of DNA-damaging agents. AZD7762 is an adenosine triphosphate (ATP)-competitive Chk1/2 inhibitor. PF-477736 is a potent, selective ATP-competitive Chk1 inhibitor. Phase I/II clinical studies revealed that Chk1 inhibitors exhibited limited activity, which often outweighed the marginal efficacy benefit in combination with chemotherapy in certain types of cancer, including advanced solid cancer and refractory acute leukemia (41, 42) . Unfortunately, there have as yet been no reports in the literature of profound enhancements in patient survival.
Two major factors, which have crucial roles in the development of clear cell carcinoma, include HNF-1β overexpression and persistent Chk1 activation, associated with detoxification and cell cycle arrest, respectively (Fig. 1) . Chemoresistance may be regulated by HNF-1β-dependent continued activation of Chk1 (9) . Accurate assessment of the overexpression of HNF-1β and continued activation of Chk1 in clear cell carcinoma tissues aid the identification of personalized Chk1 therapies to molecularly selected patients. Therefore, Chk1 inhibitors will be approved for selected patients whose HNF-1β and Chk1 status has been defined by immunohistochemical analysis. Such future personalized therapeutic approaches warrant further research in vivo, via animal studies and clinical trials.
Conclusion
The present study reviews current knowledge regarding the epigenetic and genetic alterations, and aberrant molecular pathways underlying clear cell carcinoma, as well as discussing the advancement of personalized therapeutic approaches. Furthermore, the association of HNF-1β with cell cycle checkpoint machinery was also evaluated as a mechanism for chemoresistance.
Clear cell carcinoma develops high intrinsic resistance to conventional platinum-based chemotherapy (43) . Genome-wide profiling analyses and proteomic-based studies revealed that genes associated with oxidative stress, detoxification and chemoresistance were enriched in clear cell carcinoma (21, (24) (25) (26) (27) . These analyses identified the molecular basis of diverse biological phenomena mediated by transcription factor HNF-1β, and suggest that HNF-1β contributes to the enhancement of cell cycle checkpoint machinery against oxidative stress-induced DNA damage. Clear cell carcinoma-specific HNF-1β is vital for proper Figure 1 . Two major hallmarks, oxidative stress and antioxidants, are crucial in the development of ovarian clear cell carcinoma: Oxidative stress contributes to immediate phosphorylation of Chk1 by ATR in the presence of DNA damage. HNF-1β overexpression induces antioxidant expression and persistent Chk1 activation, which are associated with detoxification and cell cycle arrest, respectively. The chemoresistance of clear cell carcinoma may be due to aberrant retention of the G2 checkpoint through overexpression of HNF-1β. Oxidative stress-mediated excess ROS induces cell death, while sublethal ROS may adapt to prolonged cell survival and increase the tumorigenic potential of endometriotic cells. Carcinogenesis requires a balance between oxidants and antioxidants. Collectively, our data demonstrate the importance of HNF-1β as a promising treatment strategy for overcoming chemoresistance in clear cell carcinoma. HNF-1β, hepatocyte nuclear factor-1β; ROS, reactive oxygen species; Chk1, checkpoint 1; ATR, ataxia-telangiectasia and Rad3-related.
cell cycle G2/M phase arrest and induces chemoresistance. HNF-1β siRNA treatment abrogates cell cycle arrest and results in apoptosis in HNF-1β-overexpressing clear cell carcinoma cells (40) . The loss of HNF-1β may also enhance chemosensitivity (9) . Therefore, pharmacological inactivation of HNF-1β is an emerging concept underlying the development of novel anti-cancer agents. However, since the HNF-1β gene is expressed in important organs, including the liver and kidney, this targeted therapy may induce significant adverse reactions.
The progression of clear cell carcinoma is driven by specific genomic alterations, including hypomethylation of the HNF-1β gene, leading to the generation of abnormal proteins (continued Chk1 phosphorylation) that can be targeted. Based on recent observations, targeting HNF-1β-associated downstream pathways, for example ATR-Chk1 signaling, may mediate tumoricidal effects (9) . The ATR kinase serves as a transducer of the oxidative stress-dependent damage signal, phosphorylating and activating the downstream effector kinase Chk1. Chk1 inhibitors inhibit the growth of sensitive HNF-1β-overexpressing cells by inducing significant levels of cell apoptosis, in addition to contributing to therapeutic efficacy of HNF-1β-based treatments (41, 42) . The effectiveness of Chk1 inhibitors may be dependent on HNF-1β overexpression in clear cell carcinoma. Therefore, target-based agents are active only in molecularly selected populations of patients. The combination of conventional chemotherapy and targeted Chk1-inhibitor therapy may be explored as a personalized treatment modality for selected patients presenting tumors with HNF-1β overexpression. HNF-1β and Chk1 may also represent candidates for novel therapeutic targets in clear cell carcinoma.
In conclusion, the present review provides a possible explanation for why clear cell carcinoma still possesses the cell cycle arrest response, and discusses current knowledge regarding how this type of cancer affects the ATR-Chk1 network. Predictive biomarkers of ATR-Chk1 network activity may indicate the specific subgroup of patients able to benefit from Chk1 inhibitors.
